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Technoeconomic Optimization of a Recuperator Considering Pressure
Drops and Operating Costs

Bir Rekiiperatériin Basing Diigsiisleri ve Isletme Maliyetleri Goz éniinde bulundurularak
Teknoekonomik Optimizasyonu
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Abstract

In this study, heat transfer and cost optimization of a gas-to-gas heat exchanger (recuperator) operating in the targeted
temperature range has been made. Firstly, the thermophysical properties of the waste heat source and the volumetric flow rates
of the flows were obtained, and the maximum heat that could be recovered was obtained. Afterward, a parametric study was
carried out to size the recuperator. The parameters affecting the cost, such as hot flow and cold flow outlet temperatures, were
determined by the overall heat transfer coefficient, effectiveness, and pressure drop. Finally, the thermal parameters obtained
from the parametric study are used in the technoeconomic analysis. The recuperator geometry with the maximum saving
coefficient was determined considering investment and operating costs. As a result, the 108 simulation resulted in maximum
savings with 653 252 $/year using 321.19 m? heat transfer surface area. Efficiency, overall heat transfer coefficient and pressure
drops for cold and hot flow were obtained as 0.65, 107.3 W/m2K 0.024 and 0.022 bar, respectively.
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Oz

Bu ¢alismada, hedeflenen sicaklik araliginda galisan bir gazdan gaza 1s1 degistiricinin (rekiiperatdr) 1s1 transferi ve
maliyet optimizasyonu yapilmistir. Oncelikle atik 151 kaynaginin termofiziksel 6zellikleri ve akislarm hacimsel
debileri elde edilerek geri kazanilabilecek maksimum 1s1 elde edilmistir. Daha sonra rekiiperatorii boyutlandirmak
icin parametrik bir ¢aligma yapilmigtir. Sicak akis ve soguk akis ¢ikis sicakliklart gibi maliyeti etkileyen
parametreler, toplam 1s1 transfer katsayisi, etkinlik ve basing diisiisii dikkate alinarak belirlendi. Son olarak,
parametrik ¢aligmadan elde edilen termal parametreler teknoekonomik analizde kullanilmistir. En yiiksek tasarruf
katsayisina sahip rekiiperator geometrisi, yatirim ve isletme maliyetleri dikkate alinarak belirlenmistir. Sonug
olarak, 108. Simiilasyonda elde edilen geometrideki rekiiperatériin 321.19 m? 1s1 transfer yiizey alani ile yilda 653
252 § ile maksimum tasarruf saglayabilecegi tespit edilmistir. Etkenlik, toplam 1s1 transfer katsayis1 ve soguk ve
sicak akis igin basing diisiisleri sirastyla 0.65, 107.3 W/m?K 0.024 ve 0.022 bar olarak elde edilmistir.

Anahtar Kelimeler: Atik 1s1 geri kazanimi, aliyet optimizasyonu, boyut optimizasyonu, teknoekonomi,
rekiiperator

I. INTRODUCTION

The recovery of waste heat from industrial operations is crucial for reducing production costs and emissions in
addition to the effective use of energy in industrial processes. In particular, the flue gases between 900 °C - 1600 °C
arising from the high-temperature melting processes between 1650 °C-1750 °C in iron and steel production are
considered as a secondary energy source [1-3]. Heat exchangers, useful static devices operating without
consuming energy, are frequently used in industrial processes to utilize wasted thermal energy [4,5]. Gas-to-gas
heat exchangers (recuperators) located between the furnace and stack consists of tube bundles used for heat
recovery from flue gas in high temperature to combustion air used in the burning process [6,7]. Since the fluids in
recuperators are gas, the total heat transfer coefficient is lower than the liquid heat exchangers, so a relatively
higher heat transfer area is required. The increased surface area increases the volume that needs to be allocated
inside the factory to install heat exchangers and the investment costs. Therefore, the size optimization of the
recuperator should be done precisely to achieve heat recovery with the lowest heat transfer surface area and the
lowest cost [8,9]. Many methods and tools have been used for this purpose. For example, Dehaj and Hajabdollahi
[10] studied thermoeconomic optimization on fin and tube heat to achieve an optimum construction. They used a
multi-objective genetic algorithm to optimize the heat exchanger structure, employing effectiveness and total
annual cost in the objective function. They reached a maximum 6.65% increase in effectiveness value. S6ylemez
[11] studied the cost optimization of heat pipe heat exchangers using e-NTU and P;-P,methods. He achieved 50
$/(W/K) savings, optimum effectiveness of 0.8. Manjunath et al. [12] calculated entropy generation and made a
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thermoeconomic analysis of printed circuit heat
exchangers by different construction materials. As a
result, although hastealloy-N showing a higher second

law efficiency than stainless steel, it is not cost-effective.

Sahin et al. [13] studied numerically using cost and
performance analysis on counterflow single-pass heat
exchangers. They used heat transfer rate cost as an
objective function considering total exergy loss and
investment cost. They achieved the maximum objective
function value while the heat capacity ratio is 1, NTU
is 12, and effectiveness is 0.93. Maghsoudi et al. [14]
studied a thermoeconomic investigation to improve the
performance of plate-finned recuperators by employing
the NSGA-II algorithm and DEA model. Consequently,
they achieved 0.81 effectiveness and 0.716 kPa
pressure drop with 326 688 $ cost. Zhenyu and Huier
[15] studied the optimization of design parameters
using a multi-objective optimization model considering
heat transfer performance, heat exchanger weight, and
pressure loss. As a result, they discovered that
corrugated foil geometries should be avoided for better
performance. Hu et al.[16] studied the 1-D dynamic
model of an S-CO2 cycle recuperator considering the
physical properties of the flows, temperatures, and
pressures using MATLAB. They have discovered the
physical properties variations of the flows in
recuperator depending on time domain in detail. In
order to achieve high heat flux, Chen and Liu [14]
researched the design of the recuperator in Hampson
cryocoolers based on the low pressure drop theory
rather than the low temperature difference [17]. As a
result of the study equivalent average temperature was
decreased by 30%. As summarized in previous studies,
most of the studies are focused on the dimensions,
temperature distributions and heat flux etc., with
limited variations and without considering the
investment and operating costs with the aid of artificial
intelligence algorithms. However, there is wide gap in
the researches on comprehensive studies performed on
numerous options using well developed commercial
software and considering the both the investment and
operating costs in order to determine the optimum
geometric dimensions, effectiveness, pressure drop and
heat transfer coefficient that providing maximum
saving.

This study focuses on the sizing of a gas-to-gas heat
exchanger was studied parametrically using the
Simcenter Flomaster software. The optimum heat
exchanger dimensions with the lowest saving
coefficient were precisely determined. Firstly, the flow
rates and temperatures of the recuperator flue gas and
fresh air to be heated were selected. Afterward, the
recuperator was modeled 1-D parametrically in
Simcenter Flomaster software. Simulations were made
by giving the initial dimensions. In addition,

dimensionless savings coefficients were obtained for
each simulation result using the factory thermal energy
production costs and unit cost of heat transfer area.
Finally, optimal recuperator dimensions have been
determined considering the furnace operating
conditions. Thus, the thermal, dimensional and
economic optimization of a recuperator has been
realized in a versatile way.

II.LMATERIALS AND METHODS

This study consists of three main steps: determining the
operating conditions under operating conditions,
simulating the recuperator dimensions parametrically
and economic optimization.

1.1. Operating conditions

In the facility where the recuperator will be operated,
the combustion air used in the reheating furnace is
heated with the flue gas. The flue gas temperature and
flow rate were measured with Testo 350 flue gas
analyzer to obtain the thermophysical properties, flue
gas mass flow rate. As a result of the flue gas analysis,
flue gas contains 6.2% O3, 7.8% CO», 15.9% H,0 and
70.1% Na. The flue gas and atmospheric air temperature
values are 650 °C and 20 °C, respectively.

The flue gas content and volumetric ratios were
identified in the Simcenter Flomaster software. The
heat transfer coefficient, specific heat, dynamic
viscosity, and kinematic viscosity values of the flue gas
were calculated depending on the temperature variation.
Thus, the simulations were carried out according to
changing temperatures to flue gas and combustion air
thermophysical properties.

1.2. Recuperator dimensions

Flue gas rejected from the furnace with a mass flow rate
of 12.5 kg/s and a temperature of 650°C enters the
recuperator as mixed crossflow through the banks of
tubes. Unmixed internal flow of combustion air with a
mass flow rate of 8.3 kg/s and a temperature of 20 °C
enters the recuperator. To avoid H,O concentration in
the flue gas condensing, the outlet temperature of flue
gas is anticipated to be greater than 120°C. The flows'
outlet pressures were set at 1 bar. The general layout of
the entire process that the recuperator installment
proposed is given in Figure 1. Cold flow has two
passages, and hot flow has one passage across the
recuperator, as shown in Figure 2a. The recuperator
pipe arrangement has been chosen as an aligned
arrangement.
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Figure 1. Flow chart of the total system for the proposed recuperator.

One dimensional model of the flow paths in the
recuperator was modeled using Simcenter Flomaster
software, as given in Figure 2b. Simcenter Flomaster is
helpful software that can model one-dimensional
thermo-fluid systems. It permits the creation of virtual
networks and models the behavior of thermo-fluid
systems under various conditions, including steady-
state and transient. It is also possible to model existing
"real world" systems to predict behavior under varying
conditions or design new techniques, to develop a
virtual version before committing to building it.
Simcenter Flomaster contains the calculations, curves,

and surfaces required to predict the behavior of a range
of fluid systems. These calculations are held in
Component Analytical Models (CAMs), which form
the basis of "components" building blocks of virtual
fluid systems. It simulates fluid systems parametrically
as networks that comprise connected components, each
with its own set of results, such as volumetric flow rate,
total heat flow, and pressure. Additionally, different
types of simulation (depending upon your license type),
such as incompressible, compressible, heat transfer and
two phases, are also possible to simulate accurately [18].
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Figure 2. The general arrangement of the recuperator: a) 3D model, b) cell model.

devices to read the temperature values of the nodes
between the passages and the sources. In this study, two
flow and pressure sources for hot and cold flow, four
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temperature probes, two for outlets and two for the
nodes between the passages were

defined. By the way, temperature variation can be
monitored easily at the desired location of the flows, as
demonstrated in Figure 1b.

The comprehensive list of parametric dimensions and
the relations between the parameters for simulating the
recuperator are given in Table 1. The pipe material was
selected as steel with 0.08% Carbon content.

Table 1. Parameters and the relations in Simcenter Flomaster simulations.

Relations and
Property Value constants
intervals
Tube Arrangement Aligned -
No. of tube rows per pass [TRP] 20-40
No. of tubes per row [TR] 20-40
Tube transverse pitch [m] [PT] [Do]*1.5
Tube longitudinal pitch [m] [PL] [Do]*1.5
Tube material Steel-Low Carbon | Steel-Low Carbon
0.008% 0.008%
Tube inner diameter [m] [Di] 0.0127-0.03
Tube outer diameter [m] [Do] [Di]+0.0015
Tube length [m] [TL] 2-3
Shell width [m] [SW] ([TRP]+1)x[PL]
Shell length [m] [SL] 2-3
Shell height [m] [SH] ([TR]I+Dx[PT]

According to the options given in Table 1, simulations were carried out for 135 different recuperator sizing in total.

1.3 Thermodynamic analysis
1.3.1. External Flow

In this study the tube arrangement over the banks of
tubes were selected aligned arrangement. Diagonal
pitch is calculated using the following equation;

Sp = [SLZ + (%T)Z] (1)

For the aforementioned correlation, the Reynolds
number Repmax 1S based on the highest fluid velocity
happening inside the tube bank,

[d% D
Repmax = % ()

From the mass conservation requirement for an
incompressible fluid, Vi occurs for the aligned
arrangement at the transverse plane 4,

St
St—D

)

max =

The pressure drop, which may be stated as, is directly
related to the power needed to transport the fluid over
the bank, which is frequently a significant operational
expenditure,

AP = Ny (Znex) ¢ )

Note that y = 1 for both square and equilateral triangle
arrangements. Friction factor is obtained from the
related diagrams from [reference] according to the
Reynolds number.

Nusselt Number for external flow;
_ mp,.0.36 ( PT. 025
Nu = CRe™Pr (P) (5)

Here C and m are constants reveived from the related
tables from reff [19] Pr and Prs are the Prandtl number

under initial and average temperature values
respectively.
The power required considering pressure drop;
; AP
Woump = e (6)

1.3.2. Internal Flow

Due to the accuracy between 0.5<Pr<2000 and
3x10°<Re<5x10°® Gnielinski equation Nusselt number
was calculated using the following;
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m = pu,A, (7
Rep was calculated with Equation 8.

4m
ReD = m (8)

The friction factor (f) in internal flow is a function of
internal surface condition. It is unimportant on smooth
surfaces but increases with the increase of internal
surface roughness. Equation 6 was used due to giving
best results on smooth surface conditions.

f =0.316Re, *?°, Rep, < 2.10* )

Nusselts number in internal flow was calculated with
Equation 10.

g(Re—moo)Pr

Nu = (10)

f 2
1+12.7(§)°-5<Pr3—1>

Heat convection coefficients for both flows are
calculated using the following equation;

Nu == (11)

Overal heat transfer coeffient U was calculated for the
cylindrical shapes as given in Equation 12.

1

v= Lylipla 1 (12)
hy k'™ r1 r2’hy
1.4. Thermoeconomic analysis

For economic savings to be maximum, the efficiency,
the number of transfer units (NTU) and heat transfer
surface area must be optimum. Therefore, the total
saving S ($/year) in a facility using thermal energy is
given by Eq. 13 [20].
S=P-E (13)

P ($/year) is the annual profit gained by the
recuperator's establishment as calculated in Eq. 2, and
E ($/year) is the yearly cost of the recuperator as
calculated in Eq.'s 14-18.

P = Gty + 1) Tp€Comin (Thi — Te1) (14)

Where 3, and ». are the thermal energy production unit
cost and cooling unit cost of flue gas ($/kWh), T3 is
annual operating time, ¢ is the effectiveness of the heat
exchanger, Cy, is the minimum heat capacity.

E = 1 Arz + (W), — W) Ty, (15)

Where 5, ($/m?) is the unit cost of heat transfer surface
area, , electricity cost (§/kWh), 4z (m?) is the overall

heat transfer surface area, and z (l/year) is the
depreciation coefficient, W}, (kW) power requirement
for hot flow, W, (kW) power requirement for cold flow.
The recuperator investment cost is defined as functions
of thermal or size-related parameters to form the
investment cost and the maintenance costs, interest
rates and life of the plant as in Eq 16 [21]. The life of
the recuperator is taken as five years, while the overall
plant life is assumed as 30 years. Therefore, the
investment cost of the recuperator is multiplied by six
for a more precise product cost estimation. The thermal
energy production unit cost required for the processes
is calculated as 0.023 $/kWh.

7 =2 PEChe (16)

Where CRF is the capital recovery factor, ¢ is the
maintenance factor. PEC is the purchase equipment cost
of the recuperator, 7 is the indicates the operating
duration in seconds. CRF is defined as a function of
interest rate (7) and annual operation period (n) as in Eq.
(17[22]:
i(1+)"
CRF = # (17)
Where the annual operation period, the maintenance
factor, and the interest rate are taken to be as 8640 h,
1.12 and 15 %, respectively [23], PEC for the
recuperator is calculated by Eq. (18) [24,25].

PECge. = 2681A45%°° (18)

350



Int. ). Adv. Eng. Pure Sci. 2023, 35(3): 346-358

Technoeconomic Optimization of a Recuperator

III. RESULTS AND DISCUSSIONS

In this study, the dimensions of a recuperator are
optimized considering the economic gains. First,
information such as flue gas mass flow rate, content,
and operating conditions temperature were obtained.
Then, flue gas temperature and its components have
been defined in Simcenter Flomaster software together
with component ratios to consider the changing
thermophysical properties of the flue gas depending on
the temperature. As a result of the simulations, heat
exchanger areas, hot flow and cold flow outlet
temperatures, total heat recovery, pressure drops for hot
and cold flow and heat exchanger effectiveness were
obtained for 135 different recuperator options. While
. On the contrary, as the simulation number increases,
savings values first increase and then decrease. For
example, although maximum profit is observed in the
123rd simulation with 861 862 $/year and minimum
expense is observed in 7% simulation with 128 119
$/year, Fig. 2 indicates 108" simulation that gives the

determining the optimum recuperator dimensions, the
cost of the heat exchanger and the decrease in the fuel
consumption occurring after heat recovery were
considered. Therefore, recuperator sizes that maximize
the annual savings were preferred, and results were
discussed. As the simulation number increases in a
general view of Fig. 2, the cost value increases as the
recuperator dimensions increase.

Similarly, as the heat transfer surface area rises
depending on the size of the heat exchanger, it increases
the heat recovery, and the profit values also increase

maximum saving with 653 372 $/year. Due to the
maximum saving value, the optimum expense for the
investment and maintenance of the recuperator and
optimum profit after recuperator investment are
observed as 189 358 $/year and 842 730 $/year,
respectively.

1000000  —Saving Maximum profit
900000 | _Lxpense Optimum profit .
§ 800000
2700000
&,
@ 600000
§ 500000
© 400000 Maximum saving
§ 300000 Minimum expense OPHMum expense
& 200000
100000 !
0 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140
Simulation Number [-]

Figure 3. Economic evaluation versus simulation number.

When Fig. 3 is examined, it is seen that the highest cold
flow outlet temperature and the lowest hot flow outlet
temperature are in the 123rd simulation with 556.5 °C
and 307.2 °C, respectively. The heat transfer surface
area required to achieve these outlet temperatures is
428.2 m?. Similarly, starting from Fig. 2, in the 108"
simulation, which gives the highest economic saving
value, the cold and hot flow outlet temperatures and
heat transfer surface areas are 545.12 °C, 315.12 °C and

321.2 m?, respectively. The heat transfer surface area
determined in simulation 108 is exactly 25%lower than
the 123" simulation result, which gives the highest cold
flow temperature and the lowest hot flow temperature.
Whereas the cold flow outlet is 11.38 °C lower and the
hot flow temperature is 7.92 °C higher. Therefore, with
the minor losses in the outlet temperatures, the heat
transfer surface area and investment cost are reduced
significantly.
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Figure 4. Outlet temperatures of flows and heat transfer surface area versus simulation numbers.

Fig. 4 shows the change in recuperator efficiency and
heat recovery values. As a result of the 123rd simulation,
where heat recovery and efficiency are the highest,
efficiency and heat recovery are observed as 0.67 and
4660.7 kW, respectively. However, for the maximum

saving value, the optimum effectiveness and optimum
heat recovery value were obtained as 0.65 and 4557.27
kW, respectively. Thus, 12 134 $ higher annual saving
is possible, with a minor decrease in heat recovery and
efficiency.
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recovery recovery
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Figure 5. Effectiveness variation versus simulation numbers.

Figure 5 shows the pressure drops in hot and cold flow
according to the simulation number. The highest-
pressure drop is observed in both flows as 0.202 bar, in
the 31st simulation in hot flow and the third simulation
in cold flow. Since these pressure drops increase
electricity consumption, the recuperator's annual

operating costs increase. In the 108" simulation, the
optimum pressure drop for hot and cold flow is
observed at 0.0225 bar and 0.0248 bar, respectively.
The corresponding required power inputs for
overcoming the pressure drops were given in Figure 6.
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Figure 6. Pressure drop variation for hot side and cold side versus simulation number.

Pressure drops in heat exchangers in applications
operating continuously for whole years cause electricity
consumption tremendously depending on the
volumetric flow rates and the constructions. Here,
electricity consumption varies in a wide range between
1814.9 $/year and 178654.2 $/year due to pressure
drops. For optimum pressure drop values, electricity

consumption for hot and cold flow is observed at
17409.80 $/year and 10015. 08 $/year. The total
electricity consumption for each flow is observed at
27424.89 $/year. To understand the relation between
the pressure drop and geometry of the recuperator,
Figure 7 exhibits significant results.

200000 —Total Electricity Consupmtion
180000 | —Hot Flow Electricity Consumption
= 160000 —.Cold FloW Electricity Consumption
o Maximum electricity
= 140000 consumption
= 120000 . .
8 Optimum electricity
© 100000 [ consurpption values
£ 80000 |
E 60000
m 40000
20000 [
0
0 20 40 60 80 100 120 140
Simulation Number [-]

Figure 7. Electricity consumption for the pressure drops.

Figure 7a represents the geometric values of shell
height (SH) and shell width (SW). SH and SW values
increase depending on the number of tubes per row,
number of tubes per row (TP), and tube rows per pass
(TRP). Figure 7b demonstrates the repeating geometric
values Do, Di, PL, and PT through the simulation, such

as the inner and outer diameter of the tubes and
transverse and longitudinal pitches. According to the
variations in geometric values in Figures 7a and 7b, the
overall heat transfer coefficient (OHTC) variation is
depicted in Figure 7c. According to the optimum values
in simulation 108, OHTC is 107.04 W/m?K.
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Figure 8. Overall heat transfer coefficient and recuperator dimensions versus simulation number.

The geometric and thermal results summarized in
Figure 6 and Figure 7 are listed in Table 2 in detail for
maximum saving. According to geometric properties in
simulation 108, the Shell length and tube length are 3
m, inlet and outlet diameters of the tubes are 0.0127 m
and 0.0142 m, respectively. The effectiveness of the
recuperator is determined as 0.652, and outlet
temperatures of the flow rates are observed as
315.12 °C and 545.11°C for hot and cold flow,

respectively. In addition, the Temperature distribution
is monitored in detail in Figure 8 in the passages.
Temperatures between hot and cold flow passages are
521.5 °C and 345.7 °C, respectively. Hence, the
temperature increase of cold flow in the first passage is
325.7 °C, and in the second passage, 199.2 °C. In
addition, the temperature decrease of hot flow in the
first passage is 128.5 °C, and in the second passage,
206.38 °C.
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Table 2. Optimum dimensions and properties in simulation 108.

Dimension Value Unit
[SL] 3 [m]
[Di] 0.0127 [m]
[Do] 0.0142 [m]
[TL] 3 [m]
[SW] 0.6603 [m]
[PT] 0.0213 [m]
[PL] 0.0213 [m]
[SH] 0.8733 [m]
Property
OHTC 107.0396 | [W/m?K]
Hot Flow Outlet Temp. 315.1243 [°C]
Cold Flow Outlet Temp. | 545.1196 [°C]
Total Surface Area 321.1964 [m?]
Effectiveness 0.65247 [-]
Total Heat Recovery 4557.27 [kW]
Cold Flow Pressure Drop | 0.024848 [bar]
Hot Flow Pressure Drop | 0.022489 [bar]
7
54512 10
545.12°8 &) -
&
| oo ° . l 587
345.7°C2 : n..
521.5°C 3 @' 1 B
1 - & — 398
@ 7o s % — 335
e simsemisasd §—272
200 4 , 8 315.12°¢ ® _:: 20
7 < =146
a0 |
2 H 20
| G 5
Result No. 5362
d 315.12°C

Considering the tubular recuperator optimization, the results obtained in this study seem to be compatible with the
literature when compared with the results in the comprehensive review studies by [26] and [27].
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Iv. CONCLUSIONS

The gas-to-gas heat exchanger (recuperator)
dimensions intended for an iron and steel plant have
been optimized by considering economic parameters.
Simulations were made for 135 different sizes in the
recuperator by parameterizing the shell length, height,
tube length, and longitudinal and transverse distances.
For the recuperator's simulation results, the
recuperator's investment costs and the energy
consumption corresponding to the pressure drops were

Nomenclature

Symbols

Ac: Crossectional area [m?]

H: heat convection cefficient [W/m?K]
SD: Diagonal pitch [mm]

SL: Longitudinal pitch [mm]
ST: Transverse pitch [mm]

V: velocity [m/s]

D: diameter [mm)]

p: density [kg/m?]

p: dynmic viscousity [kg/ms]
AP: pressure drop [bar]

N: pipe number [-]

y: correction factor [-]

f: friction factor [-]

¢: Effectiveness [-]

m: massflow rate [kg/s]

um: meal velocity [m/s]

U: overall heat transfer coefficient [W/m?K]
k: heat conductivity [W/mK]

r: radius [mm)]

S: saving [$/year]

P: profit [$/year]

E: expense [$/year]

%: unit cost [$/kWh]

TB: Operating time [hour/year]
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